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I. INTRODUCTION
There exists still a lack of compact terahertz (THz) sources operating at room temperature with output powers in the mW range. THz quantum-cascade lasers (QCLs), in which the gain is due to population inversion, provide output power in the range of mWs, but operate currently only at cryogenic temperatures. 1, 2 The required cryocooling limits the range of applications. At room temperature, THz emission can be produced through intracavity difference-frequency generation from mid-infrared (MIR) dual-wavelength QCLs 3, 4 and also by photomixing of a dual-mode semiconductor laser in the visible or near-infrared region. 5, 6 However, the output power is rather low (<10 lW). At room temperature, THz signals can also be generated by optically pumped THz gas lasers, which are based on CO 2 laser pumping of the molecules in a sealed gas cell. 7, 8 However, THz gas lasers are normally bulky, difficult to use, and operate only at discrete frequencies.
Waldmueller et al. 9 suggested a concept of an optically pumped THz quantum laser (TQL) involving gain without inversion, for which they predicted operating temperatures up to room temperature. The TQL is based on multiple stages containing a four-level loop in each stage, which consists of a MIR pump state (MP), an upper THz laser level (ULL), and a lower laser level (LLL), as well as a MIR recovery state (MR) as shown in Fig. 1(a) . The TQL is electrically driven, but optically pumped by a MIR laser. In QCLs, population inversion is required for lasing. For the TQL of Ref. 9 , intersubband coherences result in a contribution to gain which is proportional to n MP þ n ULL À n LLL À n MR , where n i denotes the population of level i. In addition, there is a conventional contribution due to population inversion, which is proportional to n ULL À n LLL . Hence, the TQL is expected to exhibit both gain due to population inversion as well as gain without inversion. 9 If the energy separation between the pump state and the ULL (E ULL À E MP ) is close to that of the LLL and the recovery state (E LLL À E MR ), the MIR laser can simultaneously excite electrons into the ULL and deplete electrons from the LLL.
The MR is designed to be resonantly depopulated through longitudinal optical (LO) phonon emission to a state, which acts as the MP of the next cascaded stage.
For conventional THz QCLs, Ref. 1 pointed out that backfilling and thermally activated LO phonon scattering are the major processes that limit the operation at elevated temperature. Using the TQL approach, these limitations may be overcome so that it is possible to substantially increase the operating temperature. With regard to thermal backfilling, we have to consider the energy separation between the LLL and the MR, which amounts to about 124 meV in the case of a CO 2 pump laser (emission wavelength of about 10 lm). The CO 2 laser can be tuned over a certain range to match the energy separation between the pump state (injector) and the ULL. This value is significantly larger than k B T % 26 meV at room temperature, where k B denotes Boltzmann's constant, and the LO phonon energy E LO % 36 meV of GaAs. If backfilling of the LLL by LO phonon absorption is considered, we estimate using the Boltzmann distribution (exp½ÀðE LLL ÀE MR þ E LO Þ=k B T e ) that about 0.2% of the electrons in the next injector are backfilled assuming an electron temperature of T e ¼ 290 K. As a consequence, it is expected that the thermal backfilling from the next MP (injector) to the LLL due to thermal excitation is significantly suppressed. However, this argument strictly holds only for the non-resonant case, when the energies of the pump and recovery transition are different. In the resonant case, where both energies are equal, an additional contribution to backfilling occurs by resonant absorption of the MIR laser. Another benefit of the TQL approach is related to the thermally achieved LO phonon scattering from the ULL to LLL. The intrinsic nonparabolicity of the conduction band causes in TQLs the intersubband separation to become dependent on the in-plane wavevector (k jj ). For resonant excitation using a monochromatic beam with E pump , only electrons with a reduced range of in-plane momentum are expected to be efficiently pumped from the injector state into the ULL. Hence, the ULL may experience a non-thermal population, even if the injector state is thermally populated. Electrons in the ULL cannot obtain sufficient in-plane kinetic energy for emitting LO phonons due to jE ULL À E LLL j < E LO , as shown in Fig. 1(b) . This reduces the probability of thermally activated LO phonon scattering from the ULL.
For the realization of a TQL structure, a number of THz stages have to be coupled by injector regions, similar to conventional QCLs. Therefore, the transport properties of the entire structure, i.e., the THz stage interaction with the injector stage under pumping, need to be investigated in order to go beyond the investigation presented in Ref. 9 . In particular, electric-field domains (EFDs) may significantly influence the transport properties in multiple QWs, 10, 11 superlattices, [12] [13] [14] and QCLs. 15, 16 Recently, Giehler et al. 17 reported on the formation of EFDs in an initial TQL structure. For this design, regions of significant negative differential conductivity (NDC) below the designed operating field strength F 0 prevent the structure from being operated at F 0 . MIR pumping leads to additional features of NDC. Therefore, the EFDs in this structure exhibit an even more complex structure under pumping. This is in strong contrast to the expectation. Furthermore, the photocurrent (PC) was much smaller than the dark current, indicating the necessity to improve the pumping efficiency.
In this paper, we report on an improved TQL design, in which the formation of EFDs is avoided for field strength jFj < jF 0 j. In this structure, the gain maximum is expected at field strength around F 0 ¼ 6:5 kV=cm, which is significantly lower than the value for the previous design (about 20 kV/cm). 17 Furthermore, this design does not show pumpinduced NDC and exhibits an improved MIR pumping efficiency at jFj ¼ jF 0 j. The reduced operating field strength allows for smaller leakage currents so that the dark current is expected to be correspondingly lower. To examine the internal pumping efficiency between the pump state and the upper laser state, we recorded PC spectra, which was not possible for the previous design, and compared them with the simulated spectra. Finally, the behavior of EFD formation under pumping is studied.
II. SUBBAND STRUCTURE OF THE IMPROVED TQL DESIGN
The subband structure is obtained using a compact model based on the self-consistent solution of the Schr€ odinger and the Poisson equations together with rate equations. [17] [18] [19] We determine the i-th subband occupation N i by solving rate equations with intersubband scattering rate T ij under steady state conditions
Equation (1) includes all states below the barrier band edge and the transitions from/to the adjacent periods. For MIR pumping, scattering rates T ij are approximated by
where i and j are subband indices, T ðnrÞ ij subsume the nonradiative scattering processes, and D ij denote the dipole matrix elements. L ij is the line broadening function, which is related to the linewidth of the corresponding transition
The second term of Eq. (2) is due to the MIR pump and recovery processes, where x p and S p are the photon angular frequency and the photon density of MIR pumping, respectively. At the same time, absorption and spontaneous emission of MIR and THz photons are also taken into account in the calculation leading to conventional gain GðxÞ /
Moreover, various scattering events and MIR pumping can both affect T ij and N iðjÞ . Thus, they can also result in a narrowing or broadening of the gain curve, in changes of the energy of the maximum gain, and/or the maximum value of the gain. Although the present model does not include quantum coherence, it can be used to estimate the incoherent contribution to the gain in TQLs or the conventional gain in TQL-like structures with a detuned recovery transition, but selective pumping into the ULL.
The subband structure of the present design is shown in Fig. 2(a) . For comparison, the previous design is given in Fig. 2(b) . The internal pumping and recovery efficiency of the TQLs have been improved in the following way. (i) The isolated subbands for pumping and recovery of the previous design are replaced by minibands (MBs) composed of several subbands. (ii) The energy state just above ULL [marked upper pump in Fig. 2(a) ] is designed to be in resonance with the ULL in order to allow for a better coupling between the MB pump and the ULL. Moreover, the MB recovery directly injects electrons into the MB pump of the following period via a resonant depopulation of LO phonons, while for the previous design the LLL was depopulated by double-resonant-phonon scattering. The improved pumping efficiency is demonstrated by a comparison of the dipole moments of the allowed MIR pump transition (D MIR pump;allow ) and the THz emission (D THz allow ) of the two designs. We estimate D MIR pump;allow ¼ 0:88 nm (0.23 nm) for the dominantly pump transition of the improved design (previous design) and D THz allow ¼ 4:45 nm (2.36 nm) for the improved design (previous design). The significant increase of D MIR pump;allow and D THz allow demonstrates the advantage of the current over the previous design.
On the basis of the model, we obtain frequency-and field-dependent gain and current density-field strength (J-F) characteristics under MIR pumping. Figure 3 (a) depicts the simulated gain characteristics of the improved TQL as a function of the electric field strength F and frequency for a MIR pump wavelength k P of 10.4 lm and a volume power density P of 1 MW/cm 3 . For comparison, results for the previous design are given in Fig. 3(c) . For the improved design, the gain maximum G max (about 13:8 cm À1 ) occurs at about 5 THz at a relatively low field strength of about 6.5 kV/cm, while for the previous design G max (about 2:5 cm À1 ) is located at a much higher field strength of about 20 kV/cm. Figure 3(b) shows the calculated J-F characteristics for the improved design. The onset of NDC is located at higher field strength (about 8.5 kV/ cm) as compared to the position of the gain region (5-8 kV/ cm), which suppresses EFD formation in the expected operating field strength range. For the previous design, the onset of NDC occurred at about 20.3 kV/cm, which is close to G max . By comparing the calculated J-F curves without any pumping (not shown here) and for pumping with 1 MW/ cm 3 , we find that MIR pumping induces several additional regions of NDC below G max for the previous design as shown in Fig. 3(d) . For the NDC regime around 10 kV/cm, the corresponding current density is already twice as large as the current density J F 0 at the operating field strength F 0 , which results in additional instabilities in the gain region and inhibits PC measurements. For the improved design, there are only two NDC regimes, which are both rather weak and far below the gain region. The corresponding current densities are obviously smaller than J F 0 and clearly separated from G max . Hence, they should have no significant influence on the transport properties of the TQL.
III. SAMPLES AND EXPERIMENTS
A TQL sample based on the improved design has been grown by molecular-beam epitaxy. It contains 110 periods, and its overall thickness is around 10 lm. The doping level in the active region is 2:8 Â 10 11 cm À2 per period. The wafer is processed into a single-plasmon waveguide as described in Ref. 17 . The deviation of the actual layer thicknesses from the nominal ones has been determined by x-ray diffraction to be less than 1%. The area of the laser ridge is about 0.12 Â 1.11 mm 2 . The TQL is first characterized by current-voltage (I-V) characteristics, which correspond to the current density-field strength (J-F) characteristics in the simulations. Subsequently, PC spectra are measured with a Fourier transform infrared (FTIR) spectrometer in continuous mode using an infrared broadband illumination source. For MIR pumping, we use a continuous-wave (cw) CO 2 laser, whose wavelength can be varied between 10.23 and 10.63 lm with a maximum average power on the TQL of about 400 mW. The broadband illumination as well as the laser beam are coupled into the TQL through a cleaved side-facet under normal incidence. The spot size of the laser beam focused by the ZnSe cylindrical lens is about 0.1 Â 2.4 mm 2 . The width of the spot is still at least one order of magnitude larger than the thickness of the TQL of about 10 lm. Therefore, we can FIG. 2. Calculated subband structure of (a) the improved TQL design using MIR pumping at k P ¼ 10:4 lm for an operating field strength F 0 of 6.5 kV/cm and (b) the previous design using k P ¼ 10:6 lm for F 0 of 20.1 kV/cm. The pump, laser, recovery, and LO phonon-assisted transitions are marked by arrows. For the improved design, the layer sequence in nm starting from the recovery MB is given by 2.3/8.5/2.8/7.1/2.3/6.2/2.3/5.6/1.7/11.0/2.8/9.3/3.4/7.9/3.1/ 1.9/1.3/ 1.9/2.1/2.2/1.5/2.2. Bold numbers refer to the Al 0:4 Ga 0:6 As barriers, and the underlined numbers mark the Si-doped GaAs QWs. couple only about 10% of the photons of the pump beam into the TQL.
IV. RESULTS AND DISCUSSION
Figure 4(a) shows the measured I-V characteristics for temperatures of 5, 80, and 100 K. We found that the dark current of the present TQL is significantly smaller than for the TQL based on the previous design. For T ¼ 5 K and an applied voltage V bias ¼ 1 V, the dark current I dark is about 0.10 lA for the improved TQL and 70 lA for the previous TQL. For 5 K, the I-V characteristic exhibits the signature (hysteresis) for the formation of EFDs, while with increasing temperature the hysteresis reduces. At 100 K, the up-and down-sweeps are identical, indicating that EFDs have completely disappeared. The vertical dashed-dotted line in Fig. 4(a) indicates the bias voltage (5 V), which was used for recording the PC spectra shown in Fig. 4(b) at the same temperatures. In comparison to pumping with a cw CO 2 laser at a particular wavelength and high powers, the power density of the broadband illumination source is rather low (below 0.13 W/cm 2 ). The measured PC signal is less than 1 nA due to the low power density of the source, which is much less than I dark . As a result, there is no obvious difference for the I-V curves between the dark case and under broadband illumination.
The measured PC signal for p polarization (electric field vector of the light source perpendicular to the quantum well layers) is found to be significantly larger than that for s polarization (electric field vector of the light source parallel to the quantum well layers, not shown here), which indicates that the PC signal is related to intersubband transitions. For 5 and 80 K, the line shapes of the PC spectra recorded during an upsweep and down-sweep of the bias [cf. Fig. 4(b) ] exhibit clear differences, which are probably caused by the presence of the high-and low-field domains inside the structure. The differences are reduced, when the temperature is increased from 5 to 80 K. At a temperature of 100 K, the PC spectra recorded during an up-sweep and down-sweep coincide, as expected from the I-V characteristic. The signal-to-noise ratio of the PC spectrum at 100 K remains comparable with the one at 5 K, which indicates that the pumping/absorption efficiency appears to be not very sensitive to the sample temperature. For PC spectroscopy on conventional superlattices with a simple unit cell (two layers) under formation of EFDs, the high-field domain was reported to mainly contribute to the PC. 21, 22 Since TQL structures are much more complex than conventional superlattices, both, low-and high-field domains, influence the line shape of the PC spectra. A detailed discussion of the redistribution effect in the PC spectra due to EFDs is beyond the scope of this paper. Instead, we will focus on examining the MIR pumping effect on the EFD formation. The position of the low-energy PC peak roughly corresponds to a wavelength of 10 lm, which is close to the wavelength of the CO 2 laser. Therefore, the present TQL allows for an effective pumping by the cw CO 2 laser.
For a direct comparison between simulations and experiments, Fig. 5 shows the calculated PC signal encoded on a gray scale as a function of the excitation energy and the electrical field strength for a small pump power density of 5 kW/ cm 3 . Experimental PC spectra for different biases (1-10 V) recorded at 100 K (without the presence of EFDs) and the corresponding curve fittings with a mixture of Lorentzian and Gaussian functions are superimposed. The applied voltage V bias is converted into the corresponding electric field strength F ¼ V bias =d, where d % 10 lm is the thickness of the TQL structure. Two main peaks are observed in the measured PC spectra, which are located between 125 and 140 meV. The peak at lower energies exhibits a red-shift with increasing bias, which is also found in the calculated PC spectra. For the case of V bias ¼ 5 V, the experimental PC spectrum agrees well with the calculated one. In the case of higher field strengths, the calculated PC spectra exhibit a larger red-shift than the measured PC spectra. The differences between the experimental and simulated PC spectra may be due to the fact that the calculated PC spectra do not include finite-temperature effects.
In order to increase the pump power density by about three orders of magnitude, we apply a cw CO 2 laser as the pump. Figure 6 shows the measured I-V characteristics for the dark case as well as for p-polarized and s-polarized pumping for different temperatures. The power of the pump beam in front of the cryostat window is 380 mW at 10.57 lm. We find that (i) the PC signal under cw CO 2 laser pumping is significantly enhanced and can become larger than the dark current; (ii) a clear polarization dependence in favor of p-polarized pumping is observed, which is in agreement with polarization-dependent PC spectra confirming that the PC signal under p-polarized pumping is related to intersubband transitions; (iii) the formation of EFDs is dramatically reduced under cw CO 2 laser pumping. In case of no and s-polarized pumping, the EFDs disappear at T ¼ 100 K, while for p-polarized pumping the EFDs already disappear at T ¼ 80 K. Applying even stronger pumping could probably open a pathway for a complete suppression of EFDs at low temperatures. Finally, we examine the dependence of the overall current I pðsÞ;pump ¼ I dark þ I pðsÞ;PC (with the subscripts p and s indicating p and s polarization, respectively) on the pump power for a particular voltage. For convenience, the current under pumping is divided by I dark . Figure 7 (a) depicts this current ratio I pðsÞ;pump =I dark between 8 and 380 mW for both p-polarized and s-polarized pumping. It is shown that the current ratio increases monotonically with pump power. The total current under p-polarized pumping is obviously larger than that of s-polarized pumping for all pump powers. In the case of 380 mW, I p;pump =I s;pump is about 1.7, while I p;PC =I s;PC is about 6.4. This difference in the ratios further confirms that the PC originates from intersubband transitions for all pump powers [cf. Fig. 7(b) ].
In order to estimate the achieved pumping efficiency, we directly compare the measured PC with the simulated value. According to the simulations of the improved TQL design, a power density of P > 1 MW=cm 3 and a current density of J > 20 A=cm 2 are necessary to obtain sufficient gain (>10 cm À1 ) for lasing. Considering that the transmittance of the ZnSe window is 0.65 and the transmittance of GaAs in the active region of the TQL is 0.70, the effective transmittance T eff is equal to 0.455. Assuming that the photons of the laser beam are totally absorbed by the TQL, the power density (P exp ) can be estimated by the expression T eff P pump =V TQL , where P pump denotes the pump power and V TQL the volume of the whole TQL structure. For P pump ¼ 380 mW as used in the I-V measurements, the power density becomes about 0.13 MW/cm 3 , while the current density J exp amounts to 10 mA/cm 2 at V bias ¼ 6:5 V (corresponding to F ¼ 6.5 kV/cm in the simulations) and 100 K. For a value of P exp ¼ 0:13 MW=cm 3 , the simulations result in a current density J sim of 3.6 A/cm 2 at F 0 , which is at least two orders of magnitude larger than J exp . The significant difference is probably caused by the low external coupling efficiency of the cw CO 2 pump laser into the TQL. In our side-facet pumping configuration, improving the external coupling efficiency is the main challenge to further increase the PC signal in order to approach the critical value of J > 20 A=cm 2 . Some possibilities to optimize the coupling efficiency are for instance the use of a coupled hemisphere lens in front of the side-facet, two-dimensional coupled waveguide gratings, or the deposition of an antireflection coating on the side-facet. Finally, another possible way may be pumping with a pulsed CO 2 laser and/or a MIR QCL having much larger power densities.
V. CONCLUSION
We have developed and investigated an advanced design of MIR-pumped, electrically driven TQLs. Compared with the previous design, the simulated, incoherent gain is separated from regions of NDC and located at a rather low field strength. In addition, the dipole moment of the allowed MIR pump transitions is dramatically increased (0:23 nm ! 0:88 nm) at the operating field strength. Furthermore, the present design does not show the regions of strong NDC below the operating field strength, which helps to avoid pumping-induced instabilities. Finally, EFDs disappear at higher sample temperatures of about 100 K.
The internal pumping efficiency of the current design is increased significantly enabling PC measurements. The measured PC spectra agree well with the calculated results around the designed operating bias. We also observe a strong polarization dependence of the PC under pumping with a cw CO 2 laser, which confirms that the PC originates from intersubband transitions. The PC signal significantly increases under p-polarized pumping, while, at the same time, EFD formation becomes suppressed. However, the magnitude of the PC is still much lower than the critical value for obtaining sufficient gain for lasing due to the low external coupling efficiency between the pump beam and the TQL. The challenge for future investigations is a significant improvement of the coupling efficiency and/or the pump power in order to obtain the critical value for the PC signals required for obtaining threshold gain.
